a single precision groove is machined into a mirror turned Sn sample. In a previous publication [10] a comparison was made between ejecta particle-size distributions produced in vacuum and helium gas environments for one ejecta velocity region. In this paper we show how the mean and peak of the ejecta particle-size distribution varies as a function of the ratio of ejecta velocity to free surface velocity (u e /u fs ) in a vacuum environment. In addition, we will present the ejecta particle-size distribution and show that the lognormal function fits near the peak of the distribution, and the power law function fits the tail of the distribution.
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Experimental Arrangement

In-line Fraunhofer Holography
A measurement of the size, shape, and position of small particles is a difficult proposition. The problem becomes significantly more difficult when the particles are traveling at many mm/µsec. Standard imaging techniques only work well when a single, well-defined plane is being imaged. For example, a microscope system that can resolve a particle of diameter D, has a depth of field given by D 2 /λ (see pg. 62 in Ref. [7] ), where λ is the wavelength of light. For a 1-µm particle and λ = 532 nm, the depth of field is only 1.9 µm. One experimental technique that offers the ability to record a three-dimensional (3D) volume of particles is holography. Holographic techniques have been used for a variety of applications for many years and are fundamentally a 3D recording technique. Many variations of holography have been used to measure particle fields and the in-line Fraunhofer holography is the technique adopted here for measuring ejecta particles. The technique uses a single laser pulse in which the laser beam propagates through the volume of
Introduction
Ejecta particles are typically produced when a strong shock wave releases at a metal vacuum (gas) interface. In most cases, ejecta are produced from a roughened or a grooved metal surface in which micro-jets (or microsheets) are produced [1] [2] [3] [4] . In addition, the amount of ejecta is significantly higher if the micro-jets (or microsheets) are produced in a liquid state [1, 5, 6] . We present in this paper ejecta particle-size distributions using a high-resolution UV in-line Fraunhofer holography diagnostic [7] [8] [9] . In order to control the initial conditions that precede ejecta production, ejecta particles. As the light passes through the ejecta particles there is both scattered and unscattered light. These two optical wavefronts interfere at the film plane to form the hologram. One of the advantages of the in-line Fraunhofer technique is that only one laser beam is required. For dynamic experiments in which particles can be traveling many mm/µsec, this technique removes a considerable complication (in both the experimental setup and reconstruction) that is present in standard holography where two beams (object and reference) are required.
For the shock physics experiments discussed in this paper, a high explosive (HE) is used to generate the shock wave in the metal. However, the energy released from the HE poses a significant complication for performing holographic measurements of dynamic events. In order to achieve high resolution (1 µm), the in-line Fraunhofer technique would require the holographic film to be located a few millimeters from the volume of ejecta particles. If the film were located at this position it would inevitably be destroyed. To deal with this issue, an optical relay system was designed to relay the object volume some distance to where the film will survive the experiment.
Experimental Setup at the Special Technologies Laboratory
In developing this new diagnostic, the Special Technologies Laboratory (STL) in Santa Barbara, CA, was used to carry out the development of the diagnostic and conduct the dynamic experiments. The facility makes use of a cylindrical vessel with an inner diameter of 43.2 cm and usable inner length of 61.0 cm. The vessel has been rated for 10 g of high explosive. A high-powered tripled Nd:YAG laser was located in an adjacent room and beam optics are used to provide a 20-mm-diameter laser pulse that passes from the laser room into the vessel. The 30 mJ pulse has a wavelength of 354.7 nm and a pulse width of 150 ps. The laser beam enters the vessel through a series of mirrors and a 5.08-cm-diameter laser window mounted on the left side of the vessel. The beam continues through another 5.08-cmdiameter window that is mounted on the physics package. As the beam propagates through the ejecta volume the scattered and unscattered light waves pass through the exit window on the physics package and are relayed through the lens system. Figure 1 shows a photograph of the experimental layout. In the figure the high-resolution lens system [11] is shown mounted to the vessel. The lens system relays the object volume 127 cm with a magnification of 4.97. The hologram location is shown at the far right of the figure. A narrow band filter, used to block any unwanted light from the experiment, is located just in front of the holographic film. The distance between the hologram and the lens system is 48.5 cm, which is close to the focal length (49.0 cm) of the lens. The ejecta volume located about 1.5 mm in front of the focal length of the lens is relayed (with a magnification of 25 along the optical axis) to a position located about 32.5 mm in front of the hologram.
Physics Package Design
In order to make high-resolution holograms of ejecta particles, the first lens element needs to be in close proximity to the experimental physics package. In our case, the focal length of the first lens element was 78 mm as measured from the inside of the first lens element or 42.4 mm as measured from the front of the window as shown on the Fig. 2 . The figure shows how the front part of the lens system is coupled to the physics package. Because of this close proximity to the HE, the front lens element is susceptible to being damaged after each experiment. Many fragment and shock mitigation features were designed into how the lens system is integrated with the physics package. One such feature (see left side of Fig. 2 ) was to put a neoprene spacer between the physics package and the front flange of the lens system. The physics package was designed so the 40-mm-diameter target would freely move in the forward direction. This configuration prevents the fast moving target from hitting the sides of the package, producing secondary fragments that could hit the front window of the lens system. The most significant fragment mitigation feature, was adding two windows in front of the lens elements. The two windows are separated by a gap using a Teflon washer, as shown in the figure. The gap between the windows decouples one window from the other, preventing the front window (that gets hit and fragments) from transmitting the energy directly into the second (back) window (which is designed to protect the first lens element). In addition, O-rings are used on the outer diameter of the windows (indicated in the figure), to decouple the windows from the lens housing, thus mitigating the energy transfer from the windows to the lens housing. The figure also shows that the first lens element is set back from the back window with an air gap and is mounted into the lens housing with Room Temperature Volcanizing (RTV) silicon (not shown). Referring again to Fig. 2 , the physics package was rigidly mounted to a plate and a steel barrier was rigidly mounted to fill the gap between the lower section of the physics package and the vessel wall. This barrier prevented the bulk of the physics package from making contact with the vessel flange, mitigating both fragments and shocks that might couple into the lens system. The front protection window is replaced routinely after every experiment, and has been observed to have a range of damage from minor pitting to fragmenting into multiple pieces. The second window rarely has to be replaced, but replacement can easily be done if required. The right side of Fig. 2 shows a photograph of the physics package in shot configuration just before an experiment. Finally, foam is placed at the back of the vessel to capture the fragments from the explosion thus mitigating any possibility of fragments from ricocheting back to the area of the lens system.
Particle-Size Accuracy
The optical relay system and the density of particles in the object plane dominate the system spatial resolution. In addition, other factors that degrade the resolution include the film resolution, laser wavelength, motion blur, and the optical reconstruction of the data from the hologram. In order to characterize the particle-size accuracy, holograms were made of target samples of precision silica spherical particles that were deposited on high quality glass.
1 Figure 3 shows the results of the analysis of these holograms for particles with a mean size of 1.0 µm (left side of Fig. 3 ) and 5.0 µm (right side of Fig. 3) . A Gaussian fit to the data gives a mean of 1.12 µm for the 1.0 µm particles and a Gaussian fit to the 5.0 µm particles gives a mean of 4.7 µm with a FWHM of 0.66 µm. Further analysis routines are being developed to characterize particlesize accuracy and extract particle-size distributions. Using these data, and other results not discussed here, we have determined that we can measure particles close to 0.5 µm in diameter. 1 The calibration targets have two major deficiencies. The first is that dust particles and other contaminates become part of the target. Also, the silica particles tend to clump during the process of depositing them on the glass substrate, giving rise to effectively larger particles. 
Experimental Results
For all the results described in this paper, 2.0-and 3.0-mm thick, 40-mm-diameter Sn targets were used. The Sn was diamond turned on both sides and a precision 40-µm deep groove is machined 1.0 mm from the center of the target. The opening angle of the groove is 120 degrees, and the width of the groove at the surface is 139 µm. Each groove is inspected with a ZYGO optical profiler that uses a white light interferometer. The depth of the grooves is typically within 5% of the requested value. The shock wave in the Sn is generated using 12.7-mm-diameter, 12.7-mm-thick 9501 HE. This configuration gives rise to a shock pressure near 280 kbar at the free surface, which is above melt-onrelease. The resulting microsheet provides the initial conditions for ejecta production. It should be noted that differences in jet-tip velocities have been observed for a single groove vs. periodic grooves [12] . How this difference might effect the particle size is unknown, but to address this issue, we plan to repeat experiments presented here with periodic triangular grooves.
A problem encountered with previous holography measurements was the limitation in which only the fastest moving ejecta particles could effectively be measured. This limitation existed because the density of ejecta particles was too high to allow enough unscattered light through the ejecta volume to form the interference patterns on the holographic film. In addition, multiple scattering also becomes a problem when the ejecta particle densities are too great. In order to deal with the potential for large particle densities, two experimental design features were implemented. The first was to use a single groove to generate a thin microsheet of ejecta in which the laser was aligned perpendicular to the microsheet. The second was to locate the field of view high above the free surface to allow more time for the ejecta particles to spread out in space, thus lowering the particle number density. This configuration is shown on the left side of Fig. 2 in which the center of the 12 mm diameter FOV is located 52 mm above the Sn surface.
The fastest moving ejecta are primarily determined by the groove angle [13] . In this case, the fastest moving ejecta have u e =3.42 mm/µsec or 1.7 × u fs , in which u fs = 2.0 mm/ µsec. In order to capture the full velocity distribution, two separate experiments were conducted at two different times as indicated in Table 1 . The two experiments cover the velocity ranges of u e /u fs = 1.03-1.34 and 1.34-1.69. The effective FOV was larger than the nominal 12 mm diameter as designed, allowing for a larger overlap in the velocity range for the separate experiments. The overlap regions can be compared as a check that the production and fragmentation of the microsheets are similar in both experiments. In Ref.
[10] a detailed description is given for the breakup of a microsheet. It was found that the breakup proceeds through three stages:
1. Solid microsheet breaking up into closed web-like structures. 2. Closed web-like structures breakup into tendrils.
Tendrils breakup into particles.
For the analysis presented here, only the data encompassing the last stage are considered which cover the velocity range for u e /u fs > 1.05.
Ejecta Particle-Size Distributions and Size-Velocity Correlation
Results from figfour experiments will be presented. All four experiments were conducted in a vacuum. Three of the experiments used 2.0-mm-thick Sn targets, and one of the experiments used a 3.0-mm-thick Sn target. The shock pressures in the 2.0 mm sample are calculated to be close to 280 kbar, and the 3.0 mm thick target has a calculated pressure near 245 kbar. Comparisons of ejecta particle-size distributions between the four experiments were carried out to confirm that the size distributions for a given u e /u fs were similar from one experiment to the next. This allows us to use all the data from the four experiments in the analysis. In addition, for each experiment the free surface velocity was measured using Photon Doppler Velocimetry (PDV) [14] which confirm the similarity of the hydrodynamic drive conditions. These velocities as well as other parameters for the four experiments are specified in Table 1 . The last column in Table 1 lists the time the hologram was recorded relative to the time the Sn free-surface just starts to move (breakout time).
As part of the analysis of the hologram, a laser is used to illuminate the hologram in which the 3D volume of ejecta particles is recreated in space. A camera is used to digitize these images. Thousands of images are acquired and used in the analysis. A more detailed description of the analysis procedure is described in Refs. [15, 16] . At the end of the analysis process, every extracted particle is tallied along with its 3D coordinate (x, y, and z position) along with the ellipsoid parameters. Figure 4 shows an example of multiple raw digitized images put together in a mosaic covering u e /u fs from 1.05 to 1.24. Since the mosaic is produced in a single plane, some of the ejecta particles are in focus and some are out of focus. Figure 4 shows clearly that the ejecta particle size is getting smaller moving from left to right (slower to faster). Also notice that for the slower moving particles, tendrils are observed which are likely in the process of breaking up (see Ref. [10] ).
The data from the four experiments were analyzed by dividing the data into seven velocity bins ranging from u e /u fs of 1.09 to 1.65. 2 For each velocity bin, an ejecta particle-size distribution was created. One of the ejecta particle-size distributions for a velocity bin ranging from Along with the data, a lognormal fit to the data (red curve) is also shown. The lognormal captures the shape of the distribution near the peak. The lognormal function was used to fit the ejecta particle size distributions for all the velocity bins. The mean sizes derived from the fits are plotted on the right side of Fig. 5 . The plot shows that the mean ejecta particle diameter changes very little between values of u e /u fs of 1.2 and 1.7. However, below u e /u fs = 1.25, the mean diameter increases from 5.7 to 8.6. Also shown in the figure are the peak values of the distributions. These are found to change very little over the velocity range considered here. Finally, in order to obtain better statistics for the particle-size distribution (and thus a better characterization of the shape), the data was added over all velocities above 1.09. Figure 6 shows the result. A lognormal fit (red curve) is plotted along with data.
The lognormal function fits the data well near the peak of the distribution, but fails to fit the tail of the distribution. Also shown in the figure is a power law fit to the data (shown as the blue curve) in which an excellent fit to the data is found for ejecta particle diameters greater than 9 µm. The exponent found by the fit is −5.2, which is close to the value (− 5.6) found in Ref. [17] . The fact the power law fits the tail of the distribution indicates that the distribution is a result of particle breakup near the solid-liquid phase transition due to large-scale fluctuations that become scale invariant.
Conclusions and Future Work
In this paper, ejecta particle-size distributions have been presented over most of the ejecta velocities that were created from the breakup of a microsheet in a vacuum. These high-resolution data were obtained using a UV in-line Fraunhofer holography diagnostic. The diagnostic was described in some detail, and calibration data has demonstrated that particle sizing close to a 0.5 µm in diameter has been achieved. Both the peak and the mean of the ejecta particle-size distributions have been presented as a function of u e /u fs . The mean particle diameter changes very little for u e /u fs > 1.25 but rises from 5.7 to 8.6 for values of u e /u fs between 1.25 and 1.09. The shape of the ejecta particle-size distribution is described best with a lognormal function near the peak of the distribution and a power law function for the tail of distribution. An exponent of −5.2 is determined for the power law consistent with previous results. 
